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Abstract
About 80 % of the population within the North Sea countries currently lives in an urban
area and this percentage is projected to continue to rise. Urban areas are not only impacted
by changes in regional climate but are themselves responsible for causing local
modiﬁcations in regional climate resulting in the so-called ‘urban climate’. The urban
climate in North Sea cities has several common features: higher temperatures relative to the
surrounding regions (especially at night), greater temperature variability, deeper but less
stable boundary layers at night, lower average wind speeds but stronger gusts, reduced
evapotranspiration, and greater air pollution (local exceedances of limit values for nitrogen
oxides, nitrogen dioxide and particulate matter, with ship emissions a relevant contributor
in harbour cities). Indications of climate change are now apparent and include hinterland
flooding, more intense precipitation, and drier and warmer summers. Cities contribute to
greenhouse gas emissions and measures are needed to reduce these. Cities also need to
adapt to climate change. Despite broad similarities between urban areas, in terms of
mitigation and adaptation to climate change there are large location-speciﬁc differences
with regard to city planning needs. Hamburg and London are used as examples. Adaptation
measures include better insulation of buildings to reduce energy use and anthropogenic heat
emissions, higher dykes to protect against increased water levels, and rain water drainage to
avoid hinterland flooding. Scenarios are outlined for urban development with greened
roofs, higher albedo values and lower sealing of surfaces.
15.1 Introduction
Worldwide every second person lives in a town; in the North
Sea region the percentage is even higher. About 80 % of the
population within the North Sea countries currently lives in an
urban area and this percentage is projected to continue to rise
(Fig. 15.1). Nine out of ten citizens are predicted to be living in
an urban area by the middle of this century. This level of
urbanisation is higher than in Europe as a whole or worldwide,
but is similar to that of the United States. The megacity of
London (*14 million people) is located on the periphery of the
southern North Sea, as are several metropolitan areas with at
least 1 million inhabitants (Rotterdam, Hamburg, Amsterdam,
Antwerp). Because so many people live in urban areas it is
important to understand the interrelations between regional and
urban climate and how both will develop over time.
The urban climate is affected by the regional climate and
speciﬁc local characteristics such as closeness to the ocean
or nearby mountains. Most urban areas in the North Sea
region (e.g. Amsterdam, Antwerp, Hamburg, London, Rot-
terdam) experience a warm temperate climate, which is fully
K.H. Schlünzen (&)








MetOfﬁce@Reading, University of Reading, Reading, UK
e-mail: sylvia.bohnenstengel@metofﬁce.gov.uk
© The Author(s) 2016
M. Quante and F. Colijn (eds.), North Sea Region Climate Change Assessment,
Regional Climate Studies, DOI 10.1007/978-3-319-39745-0_15
417
humid with a warm summer (Class Cfb following the
Köppen-Geiger climate classiﬁcation as given by Kottek
et al. 2006). Only in the northernmost part of the North Sea
region is snow a regular winter feature, which means cities
such as Oslo or Bergen are on the margin of the Dfb Köp-
pen-Geiger climate class. More details of the North Sea
climate can be found in Chaps. 1 and 2.
The proximity of the large metropolitan areas to the North
Sea implies they are generally located in low altitude areas;
some parts are even partly situated below sea level (see Annex
5, Fig. A5.1). This is especially true for the urban areas of the
Netherlands (Amsterdam, Rotterdam, The Hague and Utrecht),
but also for Antwerp, London or Hamburg. Although for the
latter at least some parts of the metropolitan area are 10 m or
more above sea level. As a result, adaptation to climate change
in a coastal urban area means it is important to consider
potential changes in sea level, river level, storm surge and
connected groundwater level (Schlünzen and Linde 2014).
However, while for city planners the rise in sea level (Chaps. 3
and 6) and river level are extremely important, they have little
impact on urban climate and so fall outside the scope of this
chapter (see Chap. 18 for discussion on this topic). Soil water
is relevant, however, since its availability could affect evapo-
transpiraration and thus temperature and humidity in an urban
area (Sect. 15.4.2).
15.2 Urban Climate in the North Sea Region
Any changes in the natural conditions of an area will modify
the regional climate such that it is locally altered, resulting in
a so-called ‘urban climate’ in the case of urban areas. Local
modiﬁcations to regional climate in urban areas largely
depend on the urban fabric (e.g. building height, percentage
of sealed surfaces, building materials, atmospheric emis-
sions), and for North Sea cities result in several common
features:
• Higher temperatures. These result from changes in the
surface energy budget due to urban fabric having greater
heat storage than vegetation in rural areas. In urban areas,
heat is stored during the day and then emitted during the
evening and at night, supplemented by anthropogenic
heat emissions; this increase in air temperature is termed
the ‘urban heat island’ effect (UHI, Sect. 15.4.2).
The UHI shows both a diurnal and an annual cycle. The
intensity of the night-time warming is even more intense
at the surfaces (surface urban heat island).
• Greater temperature variability. This results from shading
and reflection of short-wave radiation by buildings,
radiative trapping, heat storage by buildings, and increased
energy use and emission of waste energy (Sect. 15.4.2).
• Deeper boundary layers and more frequent unstably
stratiﬁed boundary layers at night. This is due to the UHI
effect and could affect turbulent mixing of pollutants
(Chemel and Sokhi 2012) which could in turn increase
ozone (O3) concentrations near the surface at night and
reduce nitrogen dioxide (NO2) concentrations (Zhang
and Rao 1999; Sect. 15.4.2).
• Lower average wind speed and greater gustiness. The
presence of buildings in urban areas causes lower average
wind speeds, but local maxima can occur especially within
street canyons facing the coastline or river bank. The
buildings also trigger an overall increase in gustiness; wind
comfort is thus much lower in coastal urban areas of the
North Sea region than in inland urban areas (Sect. 15.4.3).
• Reduced evapotranspiration. Owing to less vegetation,
less water storage capacity and often lower groundwater
levels in urban areas, evapotranspiration is smaller. For
North Sea cities, even the areas with high groundwater
levels have reduced evapotranspiration, if the surfaces are
sealed (Sect. 15.4.2).
• Changed precipitation ﬁelds. The urban fabric and UHI
effect lead to convergences and more updrafts in the flow
ﬁeld, often resulting in more downwind precipitation
(Shepherd et al. 2002) if anthropogenic pollutant emis-
sions are neglected. In an urban area with high pollutant
emissions (e.g. sulphur dioxide, SO2) the urban area
might reduce precipitation; however, aerosol impacts are
still uncertain (Pielke et al. 2007). Whether downwind
precipitation is higher or lower depends among other
things on aerosol composition, meteorological situation,
and urban surroundings (Han et al. 2014). Urban pre-
cipitation impacts are visible through changes in down-
wind precipitation (Sect. 15.4.3).
• More air pollution. Owing to higher emissions from a
range of anthropogenic sources (trafﬁc, households,
industry) there are higher levels of primary pollutants.
Also, most of the cities mentioned above are harbour
cities, with Rotterdam, Hamburg and Antwerp the largest
Fig. 15.1 Development of urbanisation in countries bordering the
North Sea and other regions of the world (based on UN 2014)
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in Europe. For these cities, emissions from ships add to
the air pollution load (Sect. 15.4.1).
The effects of urban areas are referred to collectively in
this chapter as the ‘urban footprint’.
The following sections examine urban climate in the past
(Sect. 15.3) and present (Sect. 15.4), as impacted by climate
change (Sect. 15.5) and adaptation measures (Sect. 15.6),
using two cities as examples: the megacity of London with
an extensive metropolitan area (14.3 million inhabitants1)
but no international harbour and the comparatively small
metropolitan area of Hamburg (2.7 million inhabitants2)
with one of the largest harbours in Europe. The two cities are
about 700 km apart, with Hamburg having a slightly more
continental climate, visible in lower winter temperatures, a
greater minimum to maximum temperature range and a more
pronounced summer precipitation maximum (Fig. 15.2).
The busy North Sea harbour cities of Rotterdam and
Antwerp have a climate similar to that of London or Ham-
burg, which implies the external climate drivers interacting
with urban-induced changes are similar. In contrast, one of
the northernmost North Sea cities, Bergen (Norway), has a
lower temperature range in each month and throughout the
year, and thus little problem with excessive summer tem-
peratures. However, due to the nearby mountain ranges
Bergen experiences much higher precipitation (roughly
three-fold higher) and this must be considered in urban
planning.
London and Hamburg have experienced urban climate
problems, especially regarding heavy air pollution
(Sect. 15.3). Only in the past few decades, especially since
the very warm summer of 2003, have other parameters
characterising the urban climate come into focus
(Sects. 15.4–15.6). With a similar climate in both cities, the
challenges mainly concern their differences in size and thus
urban footprint on regional climate.
15.3 Historical Problems in Urban Climate
Historically, air pollution drove studies on urban climate.
A severe pollution event was followed by action to under-
stand and improve air quality (Table 15.1). Elevated sources
were found to create widespread pollutant plumes as well as
high pollutant concentrations, in urban areas as well as in
rural areas. Standards for air quality were initiated by the
European Communities Programme for Action on Environ-
ment from 1973. This led to the ﬁrst directive (Council
Directive 80/779/EEC, see EC 1980) on levels of SO2
among EU member states. More EU-wide directives on limit
values for pollutant concentrations followed (e.g. Council
Directive 96/62/EC, and its later updates given in EC 2008).
This initiated national and local strategies to reduce pollutant
concentrations. For instance, in London the Clean Air Act of
1993 was followed by the Greater London Authority Act in
1999. With a focus on London, GLA (2002) gives a detailed
overview of air pollution control and air quality strategies
Fig. 15.2 Monthly average
minimum and maximum
temperatures for Bergen,
Hamburg and London, and
monthly average precipitation for
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over the last 150 years starting from the control of air pol-
lutants by industry to reduce smoke, to ambient air quality
standards.
Heat is an additional health threat. The 2003 heat wave
caused around 70,000 excess deaths in Europe, with about
20–38 % attributed to air pollution (Jalkanen 2011). There
was an overall 17 % increase in death rates for England and
Wales with the excess mortality most pronounced in Lon-
don, with a 33 % increase in the over 75-year old age group
(Kovats et al. 2006). Since regional heat waves and the
strongest UHIs are both observed in summer during sta-
tionary anti-cyclonic conditions with calm winds, the UHI is
even more relevant during heat waves. After summer 2003 it
was clear that the additional temperature enhancement in
urban areas can lead to unbearable and health-threatening
temperatures during a heat wave, even in cities of the North
Sea region. This led to the start of several research projects
and experimental campaigns to better understand the current
urban climate and to develop urban footprint reduction and
adaptation measures.
15.4 Current Urban Climate
15.4.1 Air Quality
The contribution of high-stack emissions to the total emis-
sions of primary pollutants and high concentrations recorded
in urban areas today is small compared to those of the past
(see Sect. 15.3). For example, in 2005 only 25 % of the total
nitrogen oxide (NOX) emissions in Germany were from high
stacks. Local trafﬁc and—for harbour cities—ship trafﬁc are
now the main sources of several primary pollutants). For
Hamburg, 78 % of NOX emissions and 53 % of PM10
(particulate matter of 10 lm or less in diameter) emissions
result from trafﬁc, with ship emissions contributing 38 % of
the total NOX emissions (Fig. 15.3). Trafﬁc emissions
(except air trafﬁc) are ground-based and so directly increase
concentrations within the urban area. Therefore, measure-
ments mainly show exceedances of the NO2 annual average
limit value of 40 lg m−3 at trafﬁc-impacted sites, where air
masses are conﬁned and so less mixed than in less built-up
areas. This is true for Hamburg (Böhm and Wahler 2012)
and London (Fuller and Mittal 2012).
However, Fuller and Mittal (2012) found that the limit
values are even exceeded at urban background stations in
locations such as inner London, close to Heathrow or near
the M4 motorway, probably due to the huge commuter belt
around London. This is not the case for Hamburg and even
in the harbour the NO2 values are currently below the annual
average limit values of 40 lg m−3, but above the values
measured at urban background stations (Böhm and Wahler
2012). With the development of new residential areas on the
banks of the River Elbe, air masses will be more conﬁned
and ship emissions might lead to higher air concentrations
that could affect the health of the residents. As a
Table 15.1 Occurrences related to air pollution
Date Event
1952 About 4000 people died within ﬁve days during a winter smog episode in London (GLA 2002)
1957 Field experiments were performed in the UK to study the dispersion of pollutants (Hay and Pasquill 1957)
1957 Commission on clear air was founded in Germany
1967 First air quality measurement sites established in Germany (ﬁnanced by the German Research Foundation, DFG); later becoming an
operational network
*1970 Dispersion ﬁeld experiments took place in several countries to better understand dispersion (heavy gases, elevated stack emissions)
Fig. 15.3 Sector contributions
to total emissions of nitrogen
oxides (NOX) and particulate
matter (of 10 lm or less in
diameter; PM10) in Hamburg
(based on data from Böhm and
Wahler 2012)
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consequence, plans for reducing air pollution concentrations
now include ship emissions (Böhm and Wahler 2012).
For NOX concentrations in London, Fuller and Mittal
(2012) found a seasonal cycle with higher concentrations in
winter and an overall decline since 1998. The decrease is
greatest close to roadsides. Carslaw et al. (2011) reported an
increase in the ratio of NO2/NOX over the last decade at
roadsides and the increase has been more marked in London
than at other UK sites. The increase is probably due to
higher NO2 emissions for vehicles conforming to newer
emission standards (e.g. through oxidation catalysts and
particle ﬁlters in light-duty diesel vehicles) (Carslaw et al.
2011). The changes are similar for Hamburg and in Europe
as a whole, and so a similar change can be assumed across
the whole of the North Sea region.
Annual average PM10 concentrations show more or less a
decrease for Hamburg between 2001 and 2011, although
values are still up to 80 % of the EU annual average limit
value of 40 lg m−3 (Böhm and Wahler 2012). The inter-
active map developed by the European Environment
Agency3 gives an annual mean for PM10 of the same order
(31–40 lg m−3) for London in 2012. This is the highest
value in the UK, but comparable to Leiden (Netherlands),
Bremen (Germany) and Antwerp (Belgium). According to
Fuller and Mittal (2012), monthly mean PM10 concentra-
tions vary between 25 and 38 lg m−3 depending on location
in London (roadside, background, city centre, fringes). They
found that several monitoring stations at roadsides in Lon-
don exceed the 50 lg m−3 daily mean limit value on more
than 35 days in 2011. However, according to Jones et al.
(2012) a large decrease in particle number has occurred in
London since 2007 possibly due to the introduction of
ultra-low sulphur diesel. Sources of PM10 in London depend
on the weather pattern and comprise local sources and
advection from within the UK and Europe. First results by
the ClearfLo campaign measuring the composition of par-
ticulate matter in 2011 and 2012 in London at an urban
background site suggest that organic aerosol is the most
abundant (35 % of the total) followed by secondary inor-
ganic aerosols such as nitrate (18 %), sulphate (11 %) and
ammonium (9 %), and smaller contributions from marine
aerosol components such as chloride (7 %) and sodium
(4 %), and combustion emissions such as elemental carbon
(Bohnenstengel et al. 2015). Early analysis indicates that
local London emissions have a bigger impact in winter when
the lower boundary layer enables a build-up of primary
pollutants. See www.londonair.org for a summary of air
quality measurements in London from several stations and
information on exceedances.
North Sea urban regions have undertaken active measures
to reduce pollutant exceedances: The Air Quality Strategy
for London (GLA 2010) details some of the measures taken
in London to further reduce PM10 concentrations. These
include low emission zones, cleaner vehicle transport, cycle
superhighways, best practice guidance for construction and
demolition, and biomass boilers. Measures have also been
taken in Hamburg and a reduction in exceedances is
expected due to future emission reductions from trafﬁc (in-
cluding bus-lanes, car-sharing, and land-based energy supply
for ships; Böhm and Wahler 2012). However, wood is
increasingly used for heating (owing to its CO2-neutral
emissions); without regulatory measures PM10 emissions
from households and thereby PM load might increase again,
especially in winter.
15.4.2 Temperature and Humidity
The UHI is the most well-known feature of urban climate,
and describes the temperature difference between urban and
rural areas (Oke 1982). It is most pronounced during calm
nights with clear skies (e.g. Schlünzen et al. 2010; Richter
et al. 2013). This is important because higher night-time
temperatures can cause discomfort and increase mortality
rates during prolonged hot summer periods, as found for
example for London (Armstrong et al. 2011).
In these situations the UHI at night for North Sea cities
can be up to 7 K (London: Watkins et al. 2002), 10.5 K
(Hamburg: Hoffmann et al. 2012) or 7 K (Rotterdam: Heu-
sinkveld et al. 2014). However, the monthly average values
for night-time temperature enhancements are lower. For
Hamburg, analyses show monthly average minimum tem-
perature differences between the urban and surrounding rural
area of 1 (suburbs) to 2.7 K (inner city) for April through
October (Schlünzen et al. 2010). Similar monthly average
night-time temperature enhancements were found by Heu-
sinkveld et al. (2014) for Rotterdam (June, July, August:
median 0.7–2.26 K depending on location) and Jones and
Lister (2009) for London (enhancement of minimum tem-
peratures of 1.6 K for St James Park based on four 30-year
averages 1901–1930, 1931–1960, 1951–1980, 1981–2006,
and 2.8 K for the central London weather station for 1981–
2006). Unpublished long-term simulations with the UK Met
Ofﬁce Uniﬁed model at 1-km horizontal resolution show the
spatial pattern of positive temperature anomalies in the order
of 2–3 K around 1 UTC (Universal Time Coordinated)
(Fig. 15.4) and 1–2 K around 4 UTC, averaged for June to
August 2006. Using the same model, Bohnenstengel et al.
(2011) showed the temperature enhancement to remain
constant throughout the night for the London city centre
from the evening transition to the morning transition for a
case study in May 2008 with moderate winds speeds.3www.eea.europa.eu/themes/air/interactive/pm10.
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As in other regions of the world, urban land-use is the
biggest driver of UHI in the North Sea cities (Schlünzen
et al. 2010; Bohnenstengel et al. 2011; Hoffmann 2012;
Heusinkveld et al. 2014). The effect of greening reduces the
enhanced temperatures on a clear night with low wind
speeds by 2–3 K (model results by Bohnenstengel et al.
2011 and Grawe et al. 2012, both for London). Similar
effects were found for Hamburg and Rotterdam based on
measured data, where the heat island is smaller in green
areas than in areas with sealed surfaces (Schlünzen et al.
2010; Heusinkveld et al. 2014). Detailed model studies show
the signiﬁcant effect of building height and urban fabric on
perceived temperatures (Schoetter et al. 2013). Perceived
temperature is a measure of thermal comfort and is based on
a heat budget model for the human body; it takes into
account temperature, short- and long-wave radiation and
wind speed effects on the human body (Kim et al. 2009;
Staiger et al. 2011).
Air mass history and the evolution of the urban boundary
layer with distance from the rural/urban transition also affect
urban air temperature. On a night with moderate wind
speeds, air temperature can be around 2 K lower over the
upwind fringes of a city such as London than over the city
centre and areas downwind of the city centre (Bohnenstengel
et al. 2011).
Coastal form and meteorological situation (Crosman and
Horel 2010) affect the inland penetration of sea breeze fronts
and the front moves further inland the later the afternoon
(Simpson et al. 1977). Thus, depending on distance from the
coast, sea breezes and marine air intrusions can reduce the
intensity of the UHI in the evening or at night for a couple of
hours in North Sea cities in spring and early summer. This is
especially the case during high pressure situations with calm
winds (e.g. Chemel and Sokhi 2012). However, for an inland
city like Hamburg (about 100 km inland of the North Sea,
80 km from the Baltic Sea) the impact of sea breezes is rare,
since sea breeze fronts typically travel inland by up to 40 km
only (Schlünzen 1990), rarely further.
Lane (2014) determined a mean temperature enhance-
ment of 1.9 K for summer (JJA) and 1.6 K for winter
(DJF) based on hourly temperature measurements from a
roof top site 18 m above ground level in central London and
a spatial average of 10 rural stations mostly to the east and
west of London. As for other cities, the enhancement of the
maximum temperatures is quite small compared to the rural
surroundings and most pronounced in winter months (de-
termined for Hamburg; Schlünzen et al. 2010), when
anthropogenic heat emissions play a larger role. Schlünzen
et al. (2010) found a range of 0.2 (suburb) to 0.7 K (inner
city) for Hamburg’s monthly average winter maximum
temperature enhancements. The maximum temperature
enhancement for London is of a similar order at 0.6 K (St
James Park; 1901–2006) and 0.9 K (London weather centre;
1981–2006) according to Jones and Lister (2009). They
stated that maximum temperature enhancements in St James
Park differ marginally between seasons, while minimum
temperature enhancements are slightly higher in spring and
summer. They found no evidence for climate-related
enhanced warming trends in central London compared to
the trends found for rural stations around London.
As summarised by Mavrogianni et al. (2011), the excess
heat in urban areas affects energy use, comfort and health.
Their simulations show that the number of hours with indoor
temperatures exceeding 28 °C increases towards the city
centre of London for a building without air conditioning.
However, building form and urban land-use also play a role
in comfort temperatures in London and need to be taken into
account when designing strategies that reduce overheating.
Iamarino et al. (2011) showed for a resolution of
200 m × 200 m that anthropogenic heat fluxes for the
Greater London area are of the order of 10 Wm−2, while the
city centre is associated with anthropogenic emissions of the
order of 200 Wm−2 and, according to Hamilton et al. (2009)
and Bohnenstengel et al. (2014), of 400 Wm−2 at peak times.
Petrik et al. (in prep) determined the anthropogenic heat at
250 m resolution for Hamburg, ﬁnding values of 10 Wm−2
in suburbs and up to 100 Wm−2 at some industrial sites and
in harbour areas. These lower values agree well with the
ﬁndings of Allen et al. (2011) who determined anthro-
pogenic heat fluxes globally on a 2.5 arc minute grid. For
North Sea cites, they found higher values for London,
Fig. 15.4 Urban temperature enhancement for London at 1UTC
averaged over the period 1 June to 15 August 2006. Values are
derived from long-term model simulations with the UK Met Ofﬁce
Uniﬁed Model employing the MORUSES urban parameterisation
(model setup described by Bohnenstengel et al. 2011). Black lines
indicate sub-grid scale urban land-use fraction per grid box ranging
from 0 (no urban land use) to 1 (grid box entirely covered by urban land
use) and colours represent the urban temperature anomaly in K. A grid
box is roughly 1 km2
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Brussels, Rotterdam and Amsterdam (> 30 Wm−2 annual
average) and lower values for smaller cities and the Ruhr
area, Hamburg or Bremen. Based on their 250-m resolution
model studies with the mesoscale model METRAS, Petrik
et al. (in prep) found the highest impacts on temperature at
night, when the anthropogenic heat is mixed into a shallow
boundary layer. Thus, night temperatures are more affected
than day temperatures resulting in a summer average
night-time temperature increase of up to 0.5 K in those parts
of Hamburg with the highest waste heat emissions.
Bohnenstengel et al. (2014) examined the impact of
anthropogenic heat emissions on London’s UHI using 1-km
resolution simulations with the UK Met Ofﬁce Uniﬁed
Model for a winter case study with calm winds over the
period 9–12 December 2009. They compared three simula-
tions covering London: a ‘rural’ control run, where London
was replaced by grass, and two simulations including the
urban surface energy balance—one with and one without
high-resolution time-varying anthropogenic heat emissions.
During calm and clear winter nights, anthropogenic emis-
sions were found to increase the UHI by up to 1 K. In fact,
anthropogenic emissions can tip the balance and maintain a
well-mixed boundary layer (Fig. 15.5). This is based on a
case study for winter, when the urban boundary layer was
shallow and anthropogenic heat emissions affected a very
small volume of air. In such cases, anthropogenic heat could
affect the mixing properties of the urban boundary layer and
thereby pollutant concentrations (Sect. 15.4.1). In spring or
summer, when the daytime urban boundary layers are much
deeper, the impact of anthropogenic emissions on tempera-
tures (and thus vertical mixing) is within the measurement
uncertainty.
Most North Sea cities have a considerable fraction of
water surfaces within the urban area. For example, more than
3 % of Hamburg has water surfaces (channels, ponds, small
lakes, rivers; Teichert 2013). In summer, the suburbs close to
the inner-city water bodies experience advective cooling
during the day and warming at night, since the water bodies
dampen the diurnal cycle. This results in UHI-like effects at
night due to the advection of warm air from the adjacent
water bodies (Schlünzen et al. 2010). The water- and
urban-fabric-induced reduced night-time cooling are additive
and also affect the occurrence of plant species (Bechtel and
Schmidt 2011). For large water bodies, such as the River
Elbe downstream of Hamburg’s harbour the water bodies
might cause a river breeze that affects temperatures a few
1000 m off the river, as Teichert (2013) found for a calm
meteorological situation in summer simulated with
METRAS. It should be noted that daytime cooling by water
bodies only occurs if the water temperature is lower than that
of the land surfaces. Water temperatures are affected by
water use: among others, water is abstracted for drinking
water, industrial production or power plant cooling; and
discharged in part as waste water, clean but often at higher
temperatures than the abstracted water. This can increase
river temperature throughout the year, especially if the river
is tidal and the same water is used several times. For
example, the River Weser regulations aim to prevent river
water temperatures of more than 28 °C (www.fgg-weser.de).
A river used to discharge the warm waste water might act as
an all-year central heating system, especially at night. This
can be advantageous in winter, similar to the warm North
Atlantic current that acts as a central heating system for all
North Sea cities.
To summarise, for industrial cities such as Hamburg or
London, waste heat emissions can add to the rise in
night-time temperature caused by the urban fabric. In addi-
tion, water bodies within built-up areas hinder cooling at
night especially in summer when cooling is most needed, for
instance during heat waves. Rivers help to cool a city in
summer, if their temperature is kept low enough and waste
water-related warming is also kept low. Coastal water bodies
may cool cities in spring and summer, as observed in Rot-
terdam or Bergen compared to a city setting more inland and
without sea breeze impacts. However, it should be noted that
all water bodies reduce urban cooling in autumn and winter
and so could help save energy during the cold season. Since
urban fabric, heat emissions and water bodies are all very
locally structured, a pattern of high temperatures is also
Fig. 15.5 Vertical potential temperature proﬁles over the London city
centre for 9–12 December 2009. Dark grey lines depict proﬁles at noon,
light grey lines depict proﬁles at 21UTC and black lines depict proﬁles
at 3UTC. Solid lines depict the rural simulation, dashed lines the urban
simulations and dash-dotted lines urban simulations with anthropogenic
heat fluxes included (Bohnenstengel et al. 2014)
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locally structured, with higher night-time temperatures in
harbour and industrialised sealed areas, if these are not
directly next to a cool river or ocean.
15.4.3 Precipitation
The urban precipitation impact can lead to precipitation
enhancement downwind of an urban area. Measured data
show this to be the case for Hamburg (Schlünzen et al.
2010), with increases of 5–10 % per precipitation event and
found for many (but not all) downwind sites (Fig. 15.6).
Assuming only one wind direction throughout the entire year
(an extreme and unrealistic assumption), the difference could
be 80 mm y−1, which is still less than half of the 200 mm
climatological difference with its decrease from the north
towards the south-east (Hoffmann and Schlünzen 2010).
Thus, despite urban impacts the regional effects might
actually be of greater signiﬁcance.
Schlünzen et al. (2010) also studied long-term changes in
precipitation. They found a greater increase in precipitation
upwind of Hamburg than downwind of the urban area (trend
1947–2007), which might suggest an overall decline in urban
impact. However, these results are speculative, since detailed
model studies withMETRAS by Schoetter (2013) showed the
urban impact of Hamburg is only observable under some
meteorological conditions, which agrees with ﬁndings byHan
et al. (2014). The effects are very local (as can also be inferred
from Fig. 15.6) and dependent on the actual meteorological
situation. Overall, the impact of Hamburg’s urban fabric is not
signiﬁcant for the summer. However, the urban impact might
differ inwinter or for other urban areas in theNorth Sea region.
Han et al. (2014) pointed out that orography plays an
additional role. This was also found for Hamburg, where the
highest elevations are only 100–200 m and the urban build-
ings are low. METRASmodel simulations without orography
show that orographic effects drive a statistically robust change
in the precipitation pattern (Schoetter 2013).
15.5 Scenarios for Future Developments
Adaptation to climate change is of utmost importance for
cities to maintain the wellbeing of their inhabitants. Several
studies have investigated climate change impacts on urban
climate, with some very detailed studies undertaken in
Hamburg and London. The ARCC network4 provides an
overview of UK-focussed projects involved with adaptation
to ‘technological, social and environmental change, includ-
ing climate change, in the built environment and infras-
tructure sectors’. Of these the ARCADIA project gives an
overview of adaptation and resilience in cities, presenting
city-scale climate change scenarios consistent with the
UKCP09 scenarios. The Lucid project5 brought together
meteorologists and building engineers to assess the impact of
local climate on energy use, comfort and health, while the
SCORCHIO project6 used climate projections to determine
adaptation measures focussing on Manchester. Similar
multidisciplinary research studies on climate change adap-
tation were performed for several German cities under the
framework of the KLIMZUG program7 (Climate change in
Fig. 15.6 Average percentage
increase in precipitation per
event, if a site is downwind of the
city centre (marked by a square)
(based on results by Schlünzen
et al. 2010). Black and grey ﬁlled
circles depict signiﬁcant
increases, the grey ﬁlled rectangle
depicts a signiﬁcant decrease, and
white ﬁlled rectangles and circles
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regions): The North Sea region was investigated in north-
west 20508 (area Bremen/Oldenburg with a focus on the
development of roadmaps of climate adaption for three
economic sectors: food industry, energy production and
distribution, and port management and logistics) and
KLIMZUG-Nord9 (metropolitan area of Hamburg, with a
focus on the development of an adaptation master plan that
continues until 2050 using the thematic focal points Elbe
estuary management, integrated spatial development, nature
conservation and governance).
15.5.1 Climate Change Impacts on Urban
Climate
Urban areas are a major source of carbon dioxide (CO2) and
anthropogenic heat. While the former drives changes in
global climate, the latter has a potentially strong impact on
city-scale climate. McCarthy et al. (2011) used an urban land
surface scheme (Best et al. 2006) with the Hadley Centre
Global Climate Model (HadAM3) and compared the impacts
of doubling CO2 emissions against effects due to urbanisa-
tion and anthropogenic heat release in urban areas. They
found that urban and rural areas react differently to climate
change. While their climate change scenarios (transient
SRES A1B scenarios, urbanisation and anthropogenic heat
release in urban areas) increased the number of hot days in
both areas to the same extent, they found that London has a
bigger increase in the number of hot nights (>18.2 °C) than
rural areas. The reasons for this difference are local forcing
such as anthropogenic heat release and urbanisation leading
to the UHI. In fact, local changes such as urbanisation and
anthropogenic heat release also increased the frequency of
hot days, as did doubling CO2 emissions. It should be noted
that as the UHI is not caused by local CO2 emissions, it
cannot be reduced by lowering them. Oleson (2012) con-
ﬁrmed the results of McCarthy et al. (2011) concerning more
frequent hot nights in urban areas compared to rural areas for
Europe. Thus, heat risk for the urban population will
increase more than for their rural counterparts due to local
urban forcing.
Hamdi et al. (2014) studied present (1981–1990) and
future climate (2071–2100) for Brussels. On average, the
observed nocturnal UHI is of the order of 1.32 K, which
agrees well with the simulated average of 1.31 K. Under an
A1B scenario, night-time UHIs vary between 0 and 7 K with
the frequency of UHIs above 3 K decreasing due to soil
dryness in summer. For the city centre the number of heat
days will rise by 62.
For Hamburg, Hoffmann et al. (2012) and Grawe et al.
(2013) found small changes in the pattern and amplitude of
the UHI for climate change scenarios, if the urban fabric
remains unchanged. If threshold values are used (such as
18.2 °C for night-time temperatures), these are more fre-
quently exceeded under the future climate due to the higher
overall temperatures. The number of exceedances is also
higher within urban areas compared to rural areas, because
the additional temperature enhancement of urban areas also
contributes. However, non-linear effects that contribute to a
greater temperature enhancement in urban areas compared to
rural areas were not apparent by mid-century under the A1B
climate change scenario.
Large precipitation amounts challenge urban infrastruc-
ture and could cause streets and houses to flood, or even the
total breakdown of some urban infrastructure. Summer
precipitation from convective cloud systems may lead to
local flooding as was observed in Rostock (Germany) when
nearly twice the average monthly rainfall fell within a day
(22/23 July 2011; Miegel et al. 2014). A projected increase
in winter precipitation of 12–38 % in the climatological
mean towards the end of this century (Rechid et al. 2014)
poses additional challenges to city planners. Especially in
winter, when the already low evapotranspiration in urban
areas is even lower and statured soils cannot take up any
excess water, this so-called ‘hinterland flooding’ needs to be
addressed in adaptation measures for cities (KLIMZUG-
NORD 2014).
15.5.2 City Development Impacts on Urban
Climate
As already described (Sect. 15.4), urban areas affect the
regional climate through their urban footprint. This rela-
tionship provides an opportunity to reduce the regional cli-
mate change impact on urban areas—or to enhance it if the
wrong mitigation and adaptation measures are applied.
Several recent research projects have investigated the impact
of planned changes in urban structure on the urban footprint.
The nationally-funded research projects KLIMZUG-
NORD (ﬁnal results in KLIMZUG-NORD 2014) and Cli-
SAP (Schlünzen et al. 2009) investigated different aspects of
Hamburg’s development on the urban summer climate. In all
development scenarios, Hamburg’s growth is conﬁned
mostly to the current regional area and is restricted verti-
cally. In fact, Hamburg has a ban on high-rise buildings.
This means that surface cover changes are relatively small,
follow a compact city approach and include aspects of
adaptation to the changing climate. More greening (espe-
cially of roofs) and higher albedo values on roofs and other
sealed surfaces that cannot be greened (e.g. roads) were
assumed. Other assumptions include some rebuilding of
8www.nordwest2050.de.
9www.klimzug-nord.de.
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single houses into duplex or terraced houses, replacing ter-
raced houses by blocks, and adding another story to
multi-story buildings. All these changes were assumed to be
accompanied by a larger greening fraction and more reflec-
tive (higher albedo) material. Several simulations were per-
formed with the mesoscale model METRAS to reproduce (at
250-m resolution) a climatological-average summer situa-
tion. According to the adaptation measures selected, the
average summer temperature could be reduced by 0.2 K
with the greatest decreases in those areas where the sealing is
very high (KLIMZUG-NORD 2014). Anthropogenic heat
emission was prescribed unchanged in these model studies.
However, energy use will be more efﬁcient in the future due
to retroﬁtting of houses with better insulation. However, the
impacts of better insulation on the surface energy budget are
still unclear. Nevertheless, anthropogenic heat emissions will
be lower and this will lead to a reduction in the UHI
throughout the year.
Impacts on heavy precipitation events were examined for
the same scenarios of urban development. As already men-
tioned (Sect. 15.4.3), the urban fabric has little impact on
precipitation, at least for Hamburg, and this was conﬁrmed
by the model simulations. Nevertheless, more sealed sur-
faces pose a challenge for city planners, as these surfaces
cannot take up the water and the water must to be drained to
avoid hinterland flooding (see Sect. 15.5.1).
Changes in the wind ﬁeld are expected to be local and
possibly very large close to building structures (Schlünzen
and Linde 2014). The effects of new buildings on the wind
climate of a growing suburb of Hamburg (situated on the
large island of Wilhelmsburg) were investigated using the
obstacle-resolving model MITRAS (Schlünzen et al. 2003)
at a resolution of 5 m. Impacts over a distance of 1000 m
from the new buildings were found not just close to the
surface but also at higher levels thus affecting ventilation of
the buildings in the upper floors (Schlünzen and Linde
2014). Some streets or even balconies on upper stories could
become less usable, owing to excessively high wind speeds
around the new buildings, while formerly well flushed places
could become very calm; this can increase heat stress on
sunny days. Furthermore, pollutant dispersion can change
due to changes in the wind and temperature ﬁelds and this
can lead to high concentrations in different sites to before
and could change the human exposure pattern.
Studies indicate that changes in temperature and precip-
itation resulting from urban development scenarios that aim
at mitigation and adaptation measures can only slightly
reduce the projected climate-driven rise in temperature and
change in precipitation patterns. However, although small
these local reductions might become more relevant during
hot periods by keeping urban temperatures at night at values
that reduce health risk. To ensure the cooling effect of urban
greening, the watering needs of the vegetation must be
ensured (such as by storing water during the wet periods). If
the urban vegetation dries out its cooling effect is lost.
15.6 Adaptation and Urban Footprint
Reduction Measures
Many North Sea cities are close to the coast or to a river and
so must prepare for storm tides. This can be achieved using
dykes, as for example in the Netherlands or along the river
Elbe for Hamburg, or the Thames Barrier for London. Such
measures are expensive, but vital to protect valuable infras-
tructure and save lives. Hinterland flooding has become an
increasing challenge in recent years and similar preparedness
needs to be developed here as for storm tides. While upriver
dykes help prevent river flooding, and are constantly being
improved and strengthened, coastal cities appear to lack
focus in terms of rain events that can be equally challenging.
Measures are needed to remove rain water following heavy
precipitation events. Methods already exist, for example a
city like Bergen handles at least twice the precipitation
amounts observed in the southern North Sea region every
month (Fig. 15.2d). Hamburg has introduced a separate rain
water drainage system in recent years and introduced ﬁnan-
cial penalties, if rain water is not locally drained by home
owners. To cope with intense precipitation events (Schlünzen
et al. 2010) and increased amounts of winter precipitation, it
is essential that urban areas can store water. Storing precip-
itation in winter would help to cope with future drier sum-
mers. Cities will need larger amounts of water in future for
two reasons: warmer air can take up more water and so
evapotranspiration will be higher, and increased urban
greening to help reduce high urban night-time temperatures
needs enough water to prevent the vegetation drying out.
Any increase in sealed surfaces should be kept to a
minimum (they are sometimes introduced for flood protec-
tion, such as new dykes or walls with bitumen or stone
cover), since they increase the amount of heat-storing sur-
faces and thus night-time temperatures. The current
replacement of green spaces and gardens in urban and sub-
urban areas by buildings and sealed surfaces should also be
limited as this will also cause an increase in urban night-time
temperatures. Plus, there is a tendency for urban spread into
surrounding rural areas which extends the UHI in space.
Hamburg has already begun implementing measures to keep
UHI effects within reasonable limits, possibly even causing a
reduction. In contrast, London can only grow vertically in
the city centre, leading to more heat storage capacity, pre-
sumably greater anthropogenic heat release and warmer
nights. Any increase in the spatial extent of London, and
thus an increase in sealed surface, would also increase the
spread of the UHI. Higher temperatures in urban areas would
lead to several stress factors. Heat in itself is a recognised
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health factor. Planners in all North Sea cities should ensure
that existing green areas are kept and that new ones are
added. In addition, all waste heat emissions (to the atmo-
sphere and to water bodies) should be reduced especially in
summer to reduce night-time heat exposure within urban
areas. Projections by Iamarino et al. (2011) suggested an
increase of 16 % in anthropogenic heat emission due to a
larger working population in the city of London by 2025
compared to 2005. Without measures to reduce the urban
footprint, this would lead to even higher temperatures within
the city of London. This shows a clear synergy between
adaptation, mitigation and urban footprint reduction mea-
sures: less energy-consuming computers, factories, and
vehicles, not only reduce CO2 emissions (or equivalent) and
thus global temperature increase in the long term, but also
directly and quickly reduce the amount of waste heat emitted
into the urban area and thus night-time temperatures. The
same is true for well-insulated buildings: using less energy
for heating in winter and cooling in summer means lower
CO2 emission (for energy production). Lower CO2 emis-
sions implies less global warming, while better insulation
reduces UHI at night.
The projected increase in global temperatures could lead
to higher biogenic volatile organic compound (VOC) emis-
sions from vegetation, which could in turn increase O3 levels
if NOX emissions are not considerably reduced (e.g. Meyer
and Schlünzen 2011). To avoid additional VOC emissions,
new urban vegetation needs to be selected with low VOC
emission potential (Kuttler 2013: 281).
Drier summers would mean more particles eroded from
dry surfaces and an increase in the already high particle load
in urban areas. This supports the argument for increasing the
amount of vegetated surface in urban areas and for providing
these areas with water during dry periods. An immediate
measure used in London to reduce the atmospheric particle
load has been to spray adhesives onto roads in some of the
most polluted areas, although this does not reduce the source
of the particulate matter.
15.7 Conclusions
Urban areas are not only impacted by changes in regional
climate, but themselves contribute to climate change through
their large greenhouse gas emissions. Urban areas also
modify the regional climate through their urban footprint.
This is mainly visible in terms of concentration levels above
EU limit values for NOX (daily average value), NO2 (annual
average value) and particulate matter (PM10 daily average
values). Higher temperatures, especially at night, result from
changes in the surface energy budget due to the urban fabric
and additional emission of anthropogenic heat. The tem-
perature difference can be in the range of a few degrees in
the monthly average. It may be up to *7 K under favour-
able conditions (clear skies, high radiative impact, low
large-scale pressure gradients).
Despite broad similarities between many urban areas,
there are also large location-speciﬁc differences with regard
to city planning needs (such as poorly insulated Victorian
housing stock in the UK wasting large amounts of energy).
While some cities are growing, others show little change
with respect to the number of inhabitants and some are even
shrinking. Whatever the future, it will involve change.
Changes in climate will become increasingly apparent,
especially towards the end of the century, with the ﬁrst
indications of what is to come already apparent (hinterland
flooding, more intense precipitation, and drier and warmer
summers). Because even in a ‘non-changing’ city, inhabi-
tants will renovate buildings and young people will adopt
new infrastructures and new technologies that will one day
be standard for all, there is an opportunity for cities to
change for simultaneously adapting to and mitigating cli-
mate change such that the worst impacts of climate change
can be avoided by mitigation measures, and the unavoidable
impacts of climate change can be met by adaptation mea-
sures, while the urban footprint becomes ever smaller.
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